Quadrotor is the one of the most popular rotary wing aircraft in control problems. There may be some problems in this system. In this case, quadrotor will not fly and do its duty effectively. In this study, a fault tolerant control strategy for a quadrotor is proposed in the presence of actuator faults. A linear mathematical model which is derived from nonlinear model. Observer based state estimation approach which is widely used in fault tolerant area. Here, this approach is used to detect and isolate faults in a quadrotor system. Generalized Observer Scheme (GOS) based Unknown Input Observer (UIO) is used for the isolation. Simulation results are presented to demonstrate the performance of the proposed fault tolerant control strategy.
Introduction
Mini-flying vehicles with four rotors which are called quadcopters have attracted many researchers in recent years. Vertical Take Off and Landing (VTOL), high maneuverability capabilities and indoor/outdoor navigation features make them popular. Besides that, by developing technology, especially in sensor devices, it is easy to obtain one of those vehicles. Therefore, a lot of studies implemented on these vehicles can be found in the literature. Many of them are generally related to different types of linear and nonlinear control techniques such as LQR (Bouabdallah et al, 2004) , PID (Hoffman et al, 2010) , backstepping (Madani and Benallegue, 2007) and nonlinear H∞ (Raffo et al, 2010) since quadcopters need autonomous stabilization system to fly unlike airplanes. All of these works are focusing on healthy quadrotor system. When a fault occurs in any of actuators, reliability should be maintained by detecting and isolating fault and modifying control scheme according to that fault case which is called fault tolerant control. There are various types of papers which present different solutions to this problem. Sadeghzadeh et al. propose an active fault tolerant control method based on gain-scheduled PID in the presence of actuator faults for a quadrotor. An actuator fault detection system is presented using Thau's observer approach (Sadeghzadeh et al, 2012) .
Yu et al. make a comparison between linear quadratic regulator and model predictive control for the height control of quadrotor with and without actuator faults (Yu et al, 2013) .
A fuzzy gain-scheduled PID structure is proposed for fault-tolerant control of a quadrotor when actuator faults occur (Amoozgar et al, 2012) .
He and Zhao propose Internal Model Control (IMC) design method based on quasi-LPV (Linear Parameter Varying) system. In their method, the nonlinear model is firstly transformed to the linear model based on quasi-LPV method; then, the quadrotor nonlinear motion function is transformed to transfer function matrix based on the transformation model from the state space to the transfer function. The performance of the controller proposed is tested by tracking for three reference trajectories with drastic changes and the simulation results indicate that the control method proposed has stronger robustness to parameters uncertainty and disturbance rejection performance (He and Zhao, 2015) .
In this study, the problem of actuator fault detection, isolation and reconfiguration is addressed by an active fault tolerant method for a quadrotor. In detection and isolation part UIO method is used to find which actuator is faulty. In reconfiguration part, LQT switches to LQR with integral action to remove the steady-state error. The simulation study illustrates that the proposed actuator fault detection and isolation scheme is capable of detecting and identifying actuator failures in a variety of situations. The actuator faults are correctly detected and isolated for different conditions.
UIO Theory
There are several model-based fault diagnosis methods in the literature, such as Kalman Filter based stochastic approach, observer-based approach, parity relation approach, parameter estimation approach. This study focuses on UIO based fault detection and isolation of actuator faults. The main idea behind UIO approach is to estimate the state variables of the system utilizing mathematical model for generating residuals by subtracting the measured states from the estimated ones. In the fault isolation process, GOS is used to isolate the faulty actuator. This scheme consists of a bank of observers designed to make each residual to be sensitive to faults in all but one of the actuators.
State space representation of a linear time-invariant system with unknown input vector d(t) ∈ ℝ qx1 can described as following (Chen and Patton, 1999) :
is the input vector, y(t) ∈ ℝ nx1 is the output vector of the aircraft model, A ∈ ℝ nxn is system matrix, B ∈ ℝ nxm is control distribution matrix, E ∈ ℝ nxq is unknown input distribution matrix and C ∈ ℝ nxn is measurement distribution matrix.
UIO structure can be defined as follows:  z(t) = Fz(t) + TBu(t) + Ky(t)   x(t) = z(t) + Hy(t)  where ̂( ) ∈ ℝ 1 is the estimated state vector, ( ) ∈ ℝ is the observation vector and , , , ∈ ℝ are the matrices to be designed so that error vector converges to zero. The error vector is defined as: (5) is replaced by (4), the following yields:  e(t) = (I − HC)x(t) − z(t)  Provided that the following conditions are satisfied and eigenvalues of the matrix F are selected in the open left half of the complex plane, the error goes to zero asymptotically.
To construct robust actuator fault isolation scheme, all sensors are accepted to be fault-free and system equation can be written as:
n is the ith column of the matrix B, B i ∈ ℝ nx(m−1) is obtained from the matrix B by deleting the ith column b i , u i is the ith component of u, u i ∈ ℝ m−1 is obtained from vector u by deleting the ith component u i , and
Based on the description above, UIOs and residual generators can be written as:
Equations Modelling Of Quadrotor
In this section, quadrotor nonlinear dynamics is introduced and its linearization around equilibrium point are presented. Quadcopter movements, forces and coordinate frames are shown in Figure 1. (xi, yi, zi) and (xb, yb, zb) denotes inertial frame and body-fixed frame, respectively. ( , , ) refer to yaw, pitch and roll, respectively (Bresciani, 2008) . A nonlinear system can be expressed as follows: ̇= f( , )  The state vector is chosen as following:
  Since quadrotor system is underactuated, four inputs can be defined as:
: Thrust factor (Ns 2 ), : Drag factor (Nms 2 ), :
Distance between propeller and center of gravity of quadrotor (m) In this study, firstly, a quadrotor model is obtained in the simulation as seen Figure 2 . Table 1 and 2 show gains for X, Y and Z axis. Table 2 shows PID gains for Z axis. Figure 3 for control. This PID structure presents the derivative action directly and prevents integral wind-up by limiting its maximum and minimum values. Saturation is introduced to integral part of PID controller defining a minimum and maximum value of which integral cannot go out. So it restores its linear behavior quickly. 
Results and Discussions
It can be seen from the Figure 4 that LQT response is faster than LQR with integral action as expected due to integral effect but in the faulty case which is 10% throttle loss injected in 7 sec of simulation time, the quadcopter with LQT controller tracks the given X and Z references with steady-state error. In contrary, LQR with integral action compensates steady-state error quickly. Y state is unaffected by the fault because the mathematical model used in the simulation is linear, so there is no coupling between channels. The fault applied in the system is detected by UIO scheme. A bank of observers is designed based on GOS to isolate the fault in motor 2. Each observer is sensitive to a certain group of faults except one actuator. So motor 1 residual is nearly zero but remaining residuals are fired as presented in Figure 5 . After decision making by considering the structured residuals, LQR with integral action is engaged in the simulation instead of LQT. It can be easily seen in Figure 6 that the steady-state error is compensated quickly. 
Conclusion
In this study, a fault tolerant control method is introduced for the actuator faults in the quadrotor vehicle. Linear model of the quadrotor is derived from nonlinear equations. UIO is used as a method to detect the fault and GOS to isolate it. Since LQT has no steadystate error in normal operation condition, there is no need to include integral effect when there is no fault. When it comes to faulty case, it is seen that LQT could not compensate steady-state error. To eliminate the steady-state error, switching from LQT to LQR with integral action is performed. Results show that the proposed method represents fast response combining with the elimination of the error.
